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Abstract
The longitudinal and transverse components of the cross section for the ep → e′pρ0 reaction were measured in Hall B at
Jefferson Laboratory using the CLAS detector. The data were taken with a 4.247 GeV electron beam and were analyzed in a
range of xB from 0.2 to 0.6 and of Q2 from 1.5 to 3.0 GeV2. The data are compared to a Regge model based on effective
hadronic degrees of freedom and to a calculation based on Generalized Parton Distributions. It is found that, at our lowest
xB values, the transverse part of the cross section is well described by the former approach while the longitudinal part can be
reproduced by the latter.
 2004 Elsevier B.V.
PACS: 13.60.Fz; 12.38.Bx; 13.60.Le
Open access under CC BY license. Understanding the precise nature of the confine-
ment of quarks and gluons inside hadrons has been
an ongoing problem since the advent, about 30 years
ago, of the theory that governs their interactions, quan-
tum chromodynamics (QCD). In particular, the transi-
tion between the high energy (small distance) domain,
where quarks are quasi-free, and the low energy (large
distance) regime, where they form bound states and
are confined in hadrons, is still not well understood.
The analysis of elementary processes, such as the
exclusive electroproduction of a meson or a photon on
the nucleon in the few GeV range, allows one to study
this transition. In the case of exclusive meson electro-
production, the longitudinal and transverse polariza-
tions of the (virtual) photon mediating the interaction
provide two qualitatively different pieces of informa-
tion about the nucleon structure.
Longitudinal photons, whose transverse size is in-
versely proportional to their virtuality, truly act as a
microscope. At sufficiently large Q2, small distances
are probed, and the asymptotic freedom of QCD jus-
tifies the understanding of the process in terms of par-
tonic degrees of freedom and the use of perturbative
QCD (pQCD) techniques. In particular, it has been
recently shown [1,2] that the non-perturbative infor-
mation can be factorized in reactions such as exclusive
E-mail address: guidal@ipno.in2p3.fr (M. Guidal).vector meson electroproduction. Here the process can
be described in terms of perturbative quark or gluon
exchanges whose momentum, flavor, and spin distri-
butions inside the nucleon are parametrized in terms
of the recently introduced generalized parton distri-
butions (GPDs) [3–5]. This is the so-called “hand-
bag” diagram mechanism which is depicted in Fig. 1
(right diagram). At higher γ ∗p center-of-mass ener-
gies, W , than considered in this Letter, 2-gluon ex-
change processes also intervene [2,6]. At low virtu-
ality, Q2, of the photon, hadronic degrees of freedom
are more relevant and, above the nucleon resonance
region, the process is adequately described in terms of
meson exchanges Fig. 1 (left diagram).
Fig. 1. The mechanisms for ρ0 electroproduction at intermediate
energies: at low Q2 (left diagram) through the exchange of mesons,
and at high Q2 (right diagram) through the quark exchange “hand-
bag” mechanism (valid for longitudinal photons) where H and E
are the unpolarized GPD’s.
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terms of quarks and gluons is not valid. A factorization
into a hard and soft part does not hold [1,2] and even
at large Q2, there is no dominance of a “handbag”
mechanism as in Fig. 1. “Soft” (non-perturbative) and
“hard” (perturbative) physics compete over a wider
range of Q2, and in practice it is necessary to take
into account non-perturbative effects using hadron de-
grees of freedom. In order to access the fundamental
partonic information when studying meson electropro-
duction processes, it is therefore highly desirable to
isolate the longitudinal part of the cross section, which
lends itself, at least at sufficiently high Q2, to pQCD
techniques and interpretation. In this approach, how-
ever, several questions remain to be answered. What is
the lowest Q2 where a perturbative treatment is valid?
What corrections need to be applied to extend its va-
lidity to lower Q2?
The aim of this Letter is to address these questions
using the recent measurement of the longitudinal and
transverse cross sections of the ep → e′pρ0 reaction,
carried out at Jefferson Laboratory using the CEBAF
large acceptance spectrometer (CLAS) [7] in Hall B.
This elementary process is one of the exclusive re-
actions on the nucleon which has the highest cross
section, and for which the extraction of the longitu-
dinal and transverse parts of the cross section can be
accomplished using the ρ0 decay angular distribution.
On the theoretical side, formalisms and numerical es-
timates for both hadronic and partonic descriptions of
the reaction have been developed, which can be com-
pared to the transverse and longitudinal components
of the cross section, respectively.
In the following, we will present the analysis re-
sults of the ep → e′pρ0 reaction. Data were taken with
an electron beam energy of 4.247 GeV impinging on
an unpolarized liquid-hydrogen target. The integrated
luminosity of this data set was about 1.5 fb−1. The
kinematic domain of the selected sample corresponds
to Q2 from 1.5 GeV2 to 3.0 GeV2. We analyzed data
for W greater than 1.75 GeV, which corresponds to a
range of xB from 0.21 to 0.62. Our final data sample
included about 2 × 104 e′pπ+π− events.
The ρ0 meson decay to π+π− was used to iden-
tify the reaction of interest. We identified the ep →
e′pπ+π− reaction using the missing mass technique
by detecting the scattered electron, the recoil pro-
ton, and the positive pion. The electron was identifiedas a negative track with reconstructed energy depo-
sition in the calorimeter which was consistent with
the momenta determined from magnetic analysis, in
combination with a signal in the Cerenkov counter.
The proton and pion were identified as positive tracks,
whose combination of flight times and momenta cor-
responded to their mass. Fig. 2 (left plot) shows a
typical missing mass distribution for ep → e′pπ+X
events. Events were selected by the missing mass cut
−0.03 < M2X < 0.06 GeV2, consistent with a missing
π−. Fig. 2 (center) shows the resulting π+π− invari-
ant mass spectrum. The ρ0 peak is clearly visible, sit-
ting on a large non-resonant π+π− background.
The unpolarized ep → e′pπ+π− reaction is fully
defined by seven independent kinematical variables
which we have chosen as: Q2 and xB , which define
the virtual photon kinematics; t , the invariant squared
momentum transfer between the virtual photon and
the final pion pair (i.e., the ρ0 meson when this par-
ticle is produced); Mπ+π− , the invariant mass of the
π+π− system; θhel and φhel, the π+ decay angles
in the π+π− rest frame; and Φ , the azimuthal an-
gle between the hadronic and leptonic planes. The
CLAS acceptance and efficiency were calculated for
each of these 7-dimensional bins using a GEANT-
based simulation of several hundred million events.
In the limit of the finite size of the bins, this method
for the acceptance calculation is independent of the
event generator. The event distributions were gener-
ated according to Ref. [8], which includes the three
main contributions above the resonance region to
the e′pπ+π− final state: diffractive ep → e′pρ0, t-
channel ep → e′∆++π−, and non-resonant (phase
space) ep → e′pπ+π−. Each of these contributions to
the event generator was matched to the world’s data on
differential and total cross sections, and then extrapo-
lated to our kinematical domain. In order to estimate
the reliability of the acceptance calculation, we var-
ied the weight of these three contributions to the event
generator and found the variations of our results to be
less than 6%, which is the systematic error that we at-
tributed tot his part of the analysis. We were then able
to extract a total cross section for the ep → e′pπ+π−
channel in good agreement with world’s data where
the kinematics overlapped. The event generator also
includes radiative effects following the Mo and Tsai
prescription [9] so that radiative corrections could be
applied in each (Q2, xB ) bin.
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X
(ep → e′pπ+X) spectrum (for a scattered electron momentum between 1.9 and
2.2 GeV). Points with error bars show the experimental data and the solid lines represent the results of simulations for the channels e′pπ+π−
(dashed line), e′pπ+π−π0 (dotted line) and the sum of the two (solid line). The vertical dashed line is located at the missing mass squared of
a pion. Central and right plots: an example of the π+π− and pπ+ invariant masses, respectively (for the interval 1.63 < Q2 < 1.76 GeV2 and
0.28 < xB < 0.35). Points with error bars show the experimental data and the lines correspond to the results of fits for the channels ep → e′pρ0
(dashed line), ep → e′∆++π− (dash-dotted line), non-resonant ep → e′pπ+π− (dotted line) and the sum of the three processes (solid line).The main difficulty in determining the ρ0 yield
stems from its large width (Γρ0 ∼ 150 MeV), which
does not allow for a unique determination of the sep-
arate contributions due to the resonant ρ0 produc-
tion and non-resonant π+π− pairs. We simultane-
ously fitted the two 3-fold differential cross sections
d3σ/dQ2 dxB dMπ+π− and d3σ/dQ2 dxB dMpπ+ to
determine the weight of the three channels mentioned
earlier, leading to the e′pπ+π− final state (see Fig. 2,
central and right plots). The mass spectra of the ρ0
and ∆++ are generated according to standard Breit–
Wigner distributions and the non-resonant pπ+π− fi-
nal state according to phase space. This background
estimation procedure, along with the CLAS accep-
tance modeling, is one of the dominant sources of sys-
tematic uncertainty which, in total, ranges from 10 to
25%. More sophisticated shapes for the ρ0 mass spec-
tra were also investigated but led to consistent num-
bers of ρ0’s within these error bars.
The final step of the analysis consisted in separating
the longitudinal and the transverse parts of the ep →
e′pρ0 cross section. The determination of these two
contributions was accomplished under the assumption
of s-channel helicity conservation (SCHC) [10]. This
hypothesis states, in simple terms, that the helicity ofthe virtual photon is directly transferred to the vec-
tor meson. The SCHC hypothesis originates from the
vector meson dominance model which identifies vec-
tor meson electromagnetic production as an elastic
process without spin transfer.
The validity of the SCHC hypothesis, which is
only applicable at small momentum transfer t , can be
tested experimentally through the analysis of the az-
imuthal angular distribution. We found that the r041−1
ρ0 decay matrix element [11], which can be extracted
from the φhel dependence, was compatible with zero
at the 1.7 sigma level. We also found that the σT T and
σTL cross sections, which can be extracted from the
Φ dependence, were, respectively, 10.6 ± 11.8% and
0.4 ± 5.4% of the total cross section. They are there-
fore consistent with zero, as they should be if SCHC
is valid and, in any case, do not represent potential
large violations of SCHC. Let us also note that all
previous experiments on electromagnetic production
of ρ0 on the nucleon are consistent with the domi-
nance of s-channel helicity conserving amplitudes (the
helicity-flip amplitudes which have been reported [12–
15] never exceeded 10–20% of the helicity non-flip
amplitudes). We can therefore safely rely on SCHC
for our analysis.
CLAS Collaboration / Physics Letters B 605 (2005) 256–264 261Fig. 3. The ratio R = σL/σT as a function of Q2 for ρ0 meson electroproduction on the nucleon. The other data are from [12–20]. The insert
shows one of our cos θhel distributions with a fit to determine r0400 .The decay angular distribution of the π+ in the ρ0
rest frame can be written as [11]:
(1)W(cos θhel) = 34
[
1 − r0400 +
(
3r0400 − 1
)
cos2 θhel
]
,
where r0400 represents the degree of longitudinal po-
larization of the ρ meson. Under the assumption of
SCHC, the ratio of longitudinal to transverse cross sec-
tions is
(2)Rρ = σL
σT
= 1


r0400
1 − r0400
,
where 
 is the virtual photon transverse polarization.
r0400 was extracted from the fit of the background-
subtracted cosθhel distributions following Eq. (1) as il-
lustrated in the insert in Fig. 3, and was used in Eq. (2)
to determine Rρ .
Due to limited statistics in the CLAS data, this pro-
cedure could be performed only for the two Q2 points
which are shown on Fig. 3. We see that our points
are compatible with the existing world’s data. We then
have fitted the Q2 dependence of Rρ including, in or-
der to take into account a potential W dependence of
the ratio R, only the world’s data in the W domain
close to ours (W ≈ 2.1 GeV) [12,16]. The follow-
ing parametrization, whose power form is motivated
by the perturbative PQCD prediction that σT is powersuppressed with respect to σL, was found:
(3)Rρ = (0.75 ± 0.08)× (Q2)1.09±0.14.
It is customary to define the reduced cross section
for ρ meson production as the electroproduction cross
section divided by the flux of virtual photons:
(4)σT + 
σL = 1
ΓV (Q2, xB)
× d
2σ ep
dQ2 dxB
,
where the virtual photon flux is given by:
(5)ΓV
(
Q2, xB
) = α
8π
Q2
M2pE
2
e
1 − xB
x3B
1
1 − 
 .
In this notation, and in Fig. 4, the longitudinal and
transverse σT and σL cross sections are integrated
over t , Φ , θhel, and φhel. The t dependence of σT +
σL
can be parametrized by e−b|t−tmin| for the range 0 <
−(t − tmin) < 1 GeV2, where −tmin is the smallest
value of momentum transfer for a given kinematic bin.
We measured the exponential slope b to range from
1.19 to 1.74 GeV−2 for xB between 0.31 and 0.52. Our
data actually extended up to −(t− tmin) = 2 GeV2, de-
pending on xB and Q2.
The longitudinal and transverse cross sections are
plotted in Fig. 4 as a function of Q2 for four bins cen-
tered at xB of 0.31, 0.38, 0.48, and 0.52. These values
correspond to W values of 2.2, 2.0, 1.9, and 1.85 GeV,
262 CLAS Collaboration / Physics Letters B 605 (2005) 256–264Fig. 4. Cross sections σL (left) and σT (right) for ep → e′pρ0 as a function of Q2 as measured in this experiment. The dotted line represents
the Regge model of Refs. [21,22] while the solid line describes the GPD model of Refs. [6,23]. The systematic error is indicated by the shaded
zones at the bottom of the plots.respectively. The data are compared to two theoretical
approaches. The first one is based on hadronic degrees
of freedom with meson Regge trajectory exchanges in
the t-channel (as illustrated in Fig. 1, left graph). This
approach has been successful in describing, with very
few free parameters, essentially all of the available ob-
servables of a series of forward exclusive reactions in
photo- and electroproduction of pseudoscalar mesons
(π0,±, K+ [24], η, η′ [25]) above the resonance re-
gion. For the ρ0, ω, φ vector mesons, as well as for
Compton scattering, such an approach has been re-
cently developed in Refs. [21,22,26]. In the case of
ρ0 electroproduction, the contributing meson trajec-
tories are the σ , f2, and Pomeron, the latter being
negligible in the W region investigated in this exper-
iment. This Regge model was normalized by adjust-
ing the σ and f2 meson–nucleon couplings to repro-
duce existing photoproduction data (see, for instance,
Ref. [27]). There is little freedom in the choice of pa-
rameters when one uses data from all three ρ0, ω, and
φ channels, which together constrain all photoproduc-
tion parameters. The only remaining free parameters
for the electroproduction case are the squared mass
scales of the meson monopole form factors at the elec-
tromagnetic vertices for the diagrams of Fig. 1 (left
plot). They have been determined from the Q2 de-pendence of the world’s data, in particular from the
Cornell [16] and HERMES [31] experiments, to be
approximatively 0.5 GeV2, in accordance with known
meson form factor mass scales.
As shown in Fig. 4, this Regge model provides a
fair description of the transverse and longitudinal cross
sections at our lowest xB values. There is some dis-
crepancy at large values of xB . Several reasons can be
invoked for this: first of all, in general. Regge theory
is valid at high energies and its application is all the
less valid as one goes to low W (i.e., large xB ). More
specifically, some s-channel nucleonic resonances de-
caying into ρ0p may contribute, a process which is not
taken into account in the Regge t-channel approach,
and might explain the missing strength in this par-
ticular kinematical domain. Also, the tmin value cor-
responding to these “high” xB values is quite large
(tmin ≈ −0.7 GeV2 at xB = 0.45 and Q2 = 2.3 GeV2,
while it decreases as one goes to smaller xB values);
Regge theory is essentially a small t theory and cor-
rections might be sizeable at large t . In the same spirit.
SCHC, which could be tested only globally, i.e., inte-
grated over t , due to lack of sufficient statistics, might
also be less valid. The Regge calculation was also done
for the higher energy Cornell [16] and HERMES [31]
data, where general agreement is found as well.
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Fig. 1 (right plot), which is based on the QCD fac-
torization between a “hard” process (the interaction
between a quark of the nucleon and the virtual photon,
along with a one-gluon exchange for the formation of
the final meson) and a “soft” process (the parametriza-
tion of the partonic structure of the nucleon in terms
of GPD’s). As mentioned in the introduction, this ap-
proach is only valid at sufficiently large Q2 when the
longitudinal cross section dominates the QCD expan-
sion in powers of 1/Q2. Unfortunately, the value of
Q2 at which the “handbag” mechanism becomes valid
is unknown, and especially for meson electroproduc-
tion, it must be determined experimentally.
The calculation of the handbag diagram has been
done at leading order in αs and leading twist accu-
racy. In the case of ρ0 production, only the unpolarized
GPD’s H and E contribute to the amplitude of the
reaction. In the calculation, shown in Fig. 4, we ne-
glect the contribution due to the GPD E because it
is proportional to the 4-momentum transfer between
the incoming virtual photon and the outgoing meson,
and our data cover mostly small momentum trans-
fers. For the GPD H we use the parametrization based
on “double distributions” (with bval = bsea = 1) of
Refs. [6,23,28] for the x and ξ dependencies, without
D-term [23,29,30] and with a factorized exponential
for the t dependence whose slope is given by our data.
The other ingredient entering the (leading order) cal-
culation of the handbag diagram is the treatment of
the strong coupling constant αs between the quarks
and the gluon. It has been “frozen” to a value of 0.56,
as determined by QCD sum rules [32]. The freezing
of the strong coupling constant αs is an effective way
to average out non-perturbative effects at low Q2 and
is supported by jet-shape analysis of the infrared cou-
pling [33].
As mentioned earlier, the handbag diagram calcu-
lation can only be compared with the longitudinal part
of the cross section. Fig. 4 shows a good agreement be-
tween the calculation and the data at the low xB values.
The same reasons as for the Regge model discussed
above can be invoked to explain the discrepancy be-
tween the data and the handbag calculation for the two
highest xB bins: on the one hand, nucleonic resonance
“contamination” cannot be excluded and, on the other
hand, large tmin values at large xB render the neglect
of the GPD E less valid and makes the calculationmore sensitive to higher twist corrections. Variations
in reasonable ranges of the parameters (bval and bsea
and addition or not of the “D-term”) entering the GPD
were studied, and results were found to be stable at the
50% level. This provides confidence in the stability,
reliability, and validity of the calculation based on the
prescription of a “frozen” αs . Let us also note that this
calculation reproduces reasonably well the HERMES
data [31], which were taken at neighboring kinemat-
ics.
A signature of the handbag mechanism is that,
independent of any particular GPD parametrization
adopted, the (reduced) cross sections should follow a
1/Q6 dependence at fixed t and xB . In this analysis,
due to the lack of statistics, σL is integrated over t ,
which means that it is proportional to tmin, this lat-
ter variable changing as a function of Q2. This 1/Q6
scaling behavior at fixed t and xB can therefore not
be directly observed in our data, which is modified by
the (trivial) kinematical Q2 dependence of tmin. Nev-
ertheless, agreement between the data and the GPD
calculation, which also contains this trivial tmin de-
pendence, should be interpreted as confirmation of the
leading order prediction based on the “handbag” dia-
gram.
In conclusion, we have presented here a first ex-
ploration of exclusive vector meson electroproduction
on the nucleon in a region of Q2 between 1.5 and
3.0 GeV2 and xB between 0.2 and 0.6, which is a
kinematical domain barely explored. At our lowest
xB values, the Regge model, based on “economical”
hadronic degrees of freedom and which already de-
scribes all other existing vector meson photo- and
electro-production data above the resonance region, is
able to describe the transverse cross section data. Iden-
tically, at our lowest xB values, the more fundamental
“handbag” approach, with a standard parametrization
of the GPD H and the extrapolation to low Q2 by an
effective freezing of αs , provides a fair description of
the longitudinal part of the cross section. Therefore, in
some region of the xB , Q2 phase space, it seems possi-
ble to understand the longitudinal part of the ρ meson
production cross section in a pQCD framework, which
potentially gives access to GPDs, while the transverse
cross section, for which no factorization between soft
and hard physics exists, can be described in terms of
meson exchanges. These tentative conclusions need of
course to be confirmed by a more extensive and thor-
264 CLAS Collaboration / Physics Letters B 605 (2005) 256–264ough exploration of the xB , Q2 phase space which is
currently under way with a much larger data set [34].
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